Purpose: To compare the detectability between glaucomatous visual field changes using standard automated perimetry (SAP), frequency doubling technology (FDT), short-wavelength automated perimetry (SWAP), and flicker perimetry and structural changes using optical coherence tomography (OCT).
G laucoma is an optic neuropathy characterized by optic disc changes, retinal nerve fiber defect, and corresponding visual field loss. Standard automated perimetry (SAP) is the visual field testing that has been widely used to diagnose and evaluate the severity of glaucoma. Although SAP is sufficient to detect glaucoma of the moderate and advance stages, it is not sensitive enough for early glaucoma detection.
New perimetric methods, such as frequency doubling technology (FDT), flicker perimetry, and shortwavelength automated perimetry (SWAP) have been developed recently to detect even earlier glaucomatous changes in the visual field. They also make it possible to specify a certain type of retinal ganglion cell. Reportedly, they are more sensitive than SAP to detect glaucomatous visual field loss of the early stage. Moreover, these methods can perform the same task on those suspected of having the disease. [1] [2] [3] [4] [5] [6] Similarly, several imaging procedures have become available for evaluating structural changes of the optic disc and retinal nerve fiber layer thickness (NFLT), and those measurements reportedly are helpful in diagnosing and assessing the severity of glaucoma. 7, 8 Optical coherence tomography (OCT) (Stratus OCT: Carl Zeiss Meditec AG, Dublin, CA) is one such imaging technology that provides information on NFLT and optic disc parameters. The excellent reproducibility and reliability of OCT and the significant correlation between OCT measurements and visual field defects in glaucoma patients have been previously reported. 9, 10 However, the comparative study on glaucoma detection between new perimetric methods and fundus imaging procedures has not been investigated sufficiently, especially in glaucoma suspect (GS) patients. The purpose of this study is to compare the detectability of glaucomatous functional changes using SAP, FDT, SWAP, and flicker perimetry and structural changes using OCT.
MATERIALS
From the outpatient glaucoma service of the Department of Ophthalmology, Kinki University School of Medicine, 59 eyes of 59 glaucoma patients (27 women, mean age: 62.2 y, range: 18 to 84 y), 24 eyes of 24 GSs (14 women, mean age: 62.0 y, range: 40 to 74 y), and 40 eyes of 40 normal voluntary subjects (23 women, mean age: 62.0 y, range: 31 to 74 y) were included in this study (Table 1 ). All subjects underwent the following examinations: medical and ocular history, best corrected visual acuity testing, slit lamp biomicroscopy, tonometry, fundus examination, visual field testing, and stereooptic disc photography. The diagnosis of glaucoma was determined by the stereooptic disc photography and SAP results. SAP was performed on a Humphrey visual field analyzer II (HFA 750; Carl Zeiss Meditec AG, Dublin, CA) with 24-2 full threshold strategy. This program uses 54 testing points (the 2 points near the blind spot locations are not included, leaving 52 points) presented in a 6-degree grid. A glaucomatous visual field defect was defined as (1) at least 3 adjacent test points with a probability level of Pr5%, with at least 1 point with a probability level of Pr1% on the pattern deviation probability plot and (2) . GSs were subjects with typical glaucomatous changes such as rim thinning, notching, excavation, NFLT defects, and normal SAP result, which was defined as PSD within 95% normal limits and a GHT result within normal limits.
The inclusion criteria for glaucoma and GS groups were: best visual acuity of 0.7 or better; within a refractive error of À 7.0 D (spherical) and À 3.0 D (cylindrical); no tilted optic nerve head (ONH); and a reliable field defined as false-positive, false-negative, and fixation loss all <33%. One eye was included in the study and chosen at random if both were eligible. Criteria for normal eyes were defined as having best visual acuity of 0.8 or better, within a refractive error of À 6.0 D (spherical) and À 2.0 D (cylindrical), intraocular pressure (IOP) <21 mm Hg, no ocular or systematic diseases likely to affect visual function, and normal SAP result, which was defined as PSD within 95% normal limits and a GHT result within normal limits.
Informed consent was obtained from all subjects. All methods adhered to the Declaration of Helsinki for research involving human subjects.
METHODS

Visual Field Testing
FDT perimetry used the Humphrey Matrix (Welch Allyn Inc, Skaneateles, NY; Carl Zeiss Meditec, Dublin, CA) with screening programs N-30-1, N-30-5, 24-2-1, and 24-2-5. The screening levels were set at 1% for programs N-30-1 and 24-2-1 and at 5% for programs N-30-5 and 24-2-5.
11 SWAP (HFA 750; Carl Zeiss Meditec AG, Dublin, CA) was tested with the 24-2 Swedish interactive threshold algorithm-SWAP program. 12 Flicker perimetry used the Octopus 311 (Haag-Streit AG, Koeniz, Switzerland) with 4-zone probability strategy. Flicker perimetry was performed with a target size of 3 (0.431 degree) and a target luminance of 1527 cd/m 2 (4800 apostilbs). The flicker targets were presented under a suprathreshold condition with a background luminance of 10 cd/m 2 (31.5 apostilbs), and Critical Flicker Frequency values were evaluated at each test point. 3, 13 For all perimetric methods, the result of the first examination was excluded to avoid learning effects. All examinations were performed within a month in a random order so that subjects could have enough rest between each test. Reliability criteria applied were fixation losses, falsepositive responses, and false-negative responses, all <30%.
The visual field was evaluated by the MD of SAP and SWAP and the number of abnormal points in FDT, flicker perimetry, and SWAP. In 24-2-5 and 30-5 FDT, flicker perimetry, and SWAP, the criteria level for defining a point as abnormal corresponded to a sensitivity equal to or worse than the normal 5% probability level for an age-similar group. The criterion for abnormal points in 24-2-1 and 30-1 FDT was that a stimulus at the normal 1% probability level was not seen. The numbers of evaluating points were 52 (which were matched with HFA 24-2 test points) in FDT 24-2-1, FDT 24-2-5, flicker perimetry, and SWAP and 18 points in FDT 30-1and FDT 30-5.
Fundus Imaging Examinations
Stratus OCT (software 4.0) was used to assess the peripapillary NFLT (fast retinal NFLT: 3.4) and the ONH (fast optic disc scans). NFLT imaging was acquired with a mean baseline consisting of 3 scanned images, and 256 Ascans along a 3.4-mm diameter circular ring around the optic disc were taken in each scan. ONH images were obtained with 6 radial scans, each 4-mm long and centered on the optic disc in a spokelike pattern. Average NFLT (Avg. NFLT), 12-clock-hour NFLT, and 10 optic disc parameters were automatically determined by algorithm inbuilt in the OCT software. Twelve-clock-hour NFLT on right eyes (and transposed data from left eyes), these clockhour sectors corresponded to superior (11 to 1-o'clock), nasal (2 to 4-o'clock), inferior (5 to 7-o'clock), and temporal (8 to 10-o'clock) quadrants. Stratus OCT was performed 3 times for each subject and the average of the 3 measurements was used. OCT images were excluded if the image had a poor quality and if the circle scan beam was not centered on the ONH. 
Statistical Analysis
Analysis of variance was used to evaluate age, sex, axial length, and refractive error differences between GSs, glaucoma subjects, and normal subjects. The Bonferroni test was applied to evaluate the pairwise differences in Avg. NFLT and 12-clock-hour NFLT between normal subjects, GSs, and all glaucoma subgroups. The receiver operating characteristic curves and the area under the curve (AUC) were calculated for each visual field and OCT measurements. Spearman rank-order correlation coefficient was used to evaluate the relationships between visual field findings and NFLT. Statistical analysis was performed using Stat Flex Ver. 4.0 for Windows (Arctec, Osaka, Japan). The statistical comparisons of the AUCs were also calculated.
14 A P value <0.05 was considered statistically significant. Figure 1 shows the Avg. NFLT (Fig. 1 ) and 12-clock-hour NFLT (Fig. 2) in normal, GS, and 3 glaucoma subgroups. As the stage of glaucoma advanced, Avg. NFLT and 12-clock-hour NFLT decreased. The normal group was significantly different from other groups in Avg. NFLT, 5, 6, 7, 11, 12, and 1-o'clock NFLT (P<0.01 for all comparisons, Bonferroni test).
RESULTS
The results of AUC and sensitivities at fixed specificities for GS and early glaucoma groups are presented in Table 2 . The fixed specificities for the early glaucoma and GS groups were 90% and 80%, respectively. In the early glaucoma group, the AUCs of FDT, flicker perimetry, and SWAP had a significant difference from the AUC of 0.5 (P<0.01). Especially, an AUC >0.9 was observed in FDT 30-1 (AUC = 0.95), FDT 30-5 (AUC = 0.94), and flicker perimetry (AUC = 0.99). In GSs, flicker perimetry (P<0.01) and FDT 24-2-5 (P<0.05) had an AUC that was significantly different from the AUC of 0.5. In both the early glaucoma and GS groups, all parameters with the OCT measurements, except the disc area parameter, had an AUC significantly different from the AUC of 0.5 (P<0.01). Furthermore, except the disc area parameter, all AUCs of the OCT measurements were greater than those of visual field testing in the early and GS groups. In GS group, this better result of OCT might be affected by the GS definition, which required glaucomatous disc changes and normal SAP results. Table 3 shows the results of the visual field testing and OCT examinations for the moderate and advanced glaucoma groups. The fixed specificities for the moderate and advanced glaucoma groups were 90% and 100%, respectively. Both groups had AUCs of 1.0 or nearly 1.0 in all the visual field tests, and at respective fixed specificities, they showed higher sensitivity in the visual field testing than in the OCT measurements.
To discriminate GS and early glaucoma groups from the normal eyes, the AUCs and receiver operating characteristic curves of the visual field testing (Figs. 3 and 5) and OCT measurements for Avg. NFLT, vertical integrated rim area, and cup/disc vertical ratio parameters (Figs. 4 and 6) were calculated and analyzed for GS and early groups. In GS, the AUC of flicker perimetry was seen significantly different from those of FDT 30-5, FDT 24-2-5, and SWAP (Fig. 3) . Similarly, the AUC of flicker perimetry was significantly different from those of FDT 24-2-5 and SWAP in early glaucoma (Fig. 5) .
In Figures 7 to 10 , scatter plots show the correlations between the Avg. NFLT and the number of abnormal points among all groups for FDT 30-5 ( Fig. 7) , FDT 24-2-5 ( Fig. 8) , SWAP (Fig. 9) , and flicker perimetry (Fig. 10 ). Significant correlations were seen in all 4 tests with maximal numbers of abnormal points of 52 in FDT 24-2-5, flicker perimetry, and SWAP and 18 in FDT 30-5.
DISCUSSION
As seen in this study, in early glaucoma, FDT, flicker perimetry, and SWAP had high AUCs, and this proved the usefulness of these perimetric methods for early diagnosis and assessment of the disease. Although FDT 30-1 showed a sensitivity of 87% at specificity of 94% with a cut-off level >1 abnormal point, flicker perimetry could achieve a sensitivity level of 99% for discriminating normal and early glaucoma eyes at specificity of 90% with a cut-off level >3 abnormal points. Furthermore, FDT 30-1, FDT 30-5, and flicker perimetry had higher sensitivity and specificity than FDT 24-2-1 and FDT 24-2-5 in early glaucoma. Although FDT 24-2-5 had larger numbers of abnormal points than other perimetric methods in early glaucoma (Fig. 8) , it had relatively smaller AUCs than flicker perimetry. We speculated that the reason of this result could be that the numbers of abnormal points were larger in FDT 24-2-5 than in flicker with normal subjects.
Bagga et al 15 have reported a study on patients with early glaucomatous neuropathy and normal results of SAP. In their study with 22 normal subjects and 25 GS AUC indicates area under ROC curves; Avg. NFLT, average nerve fiber layer thickness; C/D area ratio, cup/disc area ratio; C/D horiz ratio, cup/disc horizontal ratio; C/D vert ratio, cup/disc vertical ratio; FDT, frequency doubling technology; GS, glaucoma suspects; Horiz int, horizontal integrated rim width; MD, mean deviation; OCT, optical coherence tomography; ROC, receiver operating characteristic; Sn, sensitivities; Sp, specificities; SWAP, shortwavelength automated perimetry; Vert int, Vertical integrated rim area. **Statistically significant difference between AUC of 0.5 with P<0.01. AUC indicates area under ROC curves; Avg. NFLT, average nerve fiber layer thickness; C/D area ratio, cup/disc area ratio; C/D horiz ratio, cup/disc horizontal ratio; C/D vert ratio, cup/disc vertical ratio; FDT, frequency doubling technology; Horiz int, horizontal integrated rim width; MD, mean deviation; OCT, optical coherence tomography; ROC, receiver operating characteristic; Sn, sensitivities; Sp, specificities; SWAP, short-wavelength automated perimetry; Vert int, Vertical integrated rim area. patients enrolled, which is similar to our sample size (40 normal controls and 24 GS), the AUCs of the MD and PSD in SWAP were 0.66 and 0.71, respectively, and the AUC of Avg. NFLT in OCT measurement was 0.71. As compared with their results, our results of the MD and PSD in SWAP 24-2 were comparable with theirs and our AUC of Avg. NFLT was superior to theirs. This difference might be because of the small sample size in our and their studies, especially in GS group. As far as the sample size is concerned, neither our sample size nor theirs was large enough to eliminate the fluctuation of the results. Further studies with larger sample sizes are necessary to decrease the fluctuation.
Recently, new imaging devices, such as OCT, GDx (GDx VCC: Carl Zeiss Meditec AG, Dublin, CA), and HRT II (Heidelberg Retina Tomograph II: Heidelberg Engineering GmbH, Heidelberg, Germany), have become available to produce images of ONH and NFLT with high digital resolution. Reportedly, the results produced by these instruments can successfully discriminate between the performance of glaucoma eyes and normal eyes. 16 In the present study, we used OCT to assess ONH and NFLT. In GS, all OCT measurements had an AUC over 0.8. Especially, Avg. NFLT had the highest AUC of 0.94 among all parameters. This showed the high utility of OCT for early glaucoma detection and diagnosis. At a specificity of 80% and a cut-off level of 85.65 mm, Avg. NFLT had a sensitivity of 96% for discriminating normal and GS eyes.
NFLT analysis program with OCT measured 12-clock-hour NFLT also. We counted the number of abnormal hour sectors that was defined as with a thickness outside 95% of the normal limit on the basis of the instrument's normative database. In GS, at 95% specificity, the sensitivity of the number of abnormal sectors in 12-clock-hour NFLT was 63% and the cut-off level was >1 sector. The AUC for this process was 0.88. Similarly, in early glaucoma, at 95% specificity, the sensitivity of the number of abnormal sectors was 86% and the cut-off level was >1 sector. The AUC was 0.93. Therefore, if a subject shows 2 sectors in the result of 12-clock-hour NFLT, the presence of any glaucomatous structural changes is suspected.
In contrast to the results from GS and early glaucoma groups, visual field testing for moderate and advanced glaucoma had slightly higher AUCs than the OCT measurements, and its sensitivities at fixed specificities (95% for moderate and 100% for advanced) were obviously higher than those of the OCT measurements (Table 3 ). We therefore concluded that for patients with moderate or advanced glaucoma, visual field testing could provide more sensitive results than structural changes observed by OCT.
Indeed OCT is a very useful imaging machine to evaluate NFLT and optic disc, but we need to consider the individual differences. Hoh et al 17 reported that NFLT does not vary with myopic or axial length of any OCT scan diameter investigated, whereas Hougaard et al 18 claimed that NFLT is affected by axial length and decreases with aging at a rate of about 2 mm/decade. In practice, patients with high myopia, corneal abnormalities (such as cornea opacity, keratoconus, and bullous keratopathy), or denser level of media opacities (for instance, cataract and vitreous opacity) are often seen with varying NFLT and disc parameters. Although we excluded the subjects with those problems and did not further investigate those issues in this study, possible biases caused by aging and axial length should be carefully taken into account when evaluating NFLT.
A limitation of our study was bias of enrolled GS patients. Our definition of GS was the glaucomatous optic Number of abnormal points disc changes with normal SAP result and GSs consisted of 18 (75%) normal tension (IOP <21 mm Hg) subjects and 6 (25%) ocular hypertension (IOP Z21 mm Hg) subjects in our study. If we only chose the ocular hypertension subjects as a GS group, the selection bias, which seems to contribute the better results of OCT, might be reduced. Indeed, it is a useful way to reduce the selection bias, but we think it is necessary, when we examine and diagnose glaucoma in the clinic, to consider not only the high tension subjects but also the normal tension subjects. Because a large number of glaucoma patients are normal tension glaucoma in Japan, 19 so the optic disc changes should be the first opportunity to suspect the glaucoma. Additionally, it is the optic disc appearances that clue to suspect the glaucoma in ocular hypertension subjects also. Therefore, it is difficult to avoid the selection bias that might be considered to affect the superior detectability of OCT when we enroll the GS subjects in this study.
In conclusion, though we may take into account the selection bias of GS group, which may affect the better result of OCT, our results demonstrated the usefulness of detecting functional changes by FDT, SWAP, and flicker perimetry and substantiated the usefulness of measuring NFLT to evaluate structural damages in earlier stage of glaucoma. For the GS, FDT 24-2-5, flicker perimetry, and OCT show good performance to detect abnormalities. Among all OCT measurements, NFLT has the highest sensitivity to detect early glaucomatous changes. NFLT measured by OCT provides us with valuable information to diagnose and examine the patients with earlier stage of glaucoma. 
